Introduction {#Sec1}
============

Understanding the mechanism behind electroweak symmetry breaking (EWSB) remains one of the main objectives of the physics program at the CERN LHC. In the standard model (SM) of particle physics \[[@CR1]--[@CR4]\], EWSB is realized through the addition of a complex scalar doublet field. A salient feature of this is the prediction of one physical, neutral, scalar particle, the Higgs boson ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {H}$$\end{document}$) \[[@CR5]--[@CR10]\]. The Higgs scalar field can also account for the fermion masses through Yukawa interactions \[[@CR2], [@CR11]\]. The Higgs boson was discovered by the ATLAS and CMS Collaborations \[[@CR12]--[@CR14]\], and is the subject of much study. The Yukawa coupling strengths are free parameters in the SM and do not explain the observed pattern of fermion masses. Furthermore, it is not understood why the Higgs boson mass is near the electroweak scale, since it is not protected in the SM from large quantum corrections \[[@CR15]--[@CR19]\]. This has led to the development of many beyond the SM (BSM) theories that can alter the properties of the Higgs boson \[[@CR20]--[@CR24]\]. Precision measurements of the properties of the Higgs boson are therefore an important test of the SM.

This paper describes combined measurements of the Higgs boson production rates, decay rates, and couplings using analyses of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 13\,\text {Te}\text {V} $$\end{document}$ proton--proton collision data recorded with the CMS detector in 2016. The data set corresponds to an integrated luminosity of 35.9$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {fb}^{-1}$$\end{document}$. The following decay channels are included in the combination: $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {H} \rightarrow \mathrm {\mu }\mathrm {\mu } $$\end{document}$, as shown in Fig. [1](#Fig1){ref-type="fig"}. Here and in what follows, we do not distinguish between particles and antiparticles in our notations of production and decay processes. Searches for invisible decays of the Higgs boson, which are predicted to be considerably enhanced by several BSM theories \[[@CR25]--[@CR28]\], are also considered for selected measurements. The data samples considered for each decay channel are ensured to have negligible overlap to avoid introducing nontrivial correlations.Fig. 1Examples of leading-order Feynman diagrams for Higgs boson decays in the $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {H} \rightarrow \mathrm {Z}\mathrm {Z} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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The analyses included in this combination target production via gluon fusion ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {g} \mathrm {g} \mathrm {H} $$\end{document}$ production has advanced to next-to-next-to-next-to-leading order (N$\documentclass[12pt]{minimal}
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                \begin{document}$$^{3}$$\end{document}$LO) in perturbative quantum chromodynamics (QCD) \[[@CR29], [@CR30]\] and next-to-leading order (NLO) for electroweak (EW) corrections, reducing its uncertainty from $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {V}\mathrm {H} $$\end{document}$ cross sections are performed at next-to-NLO QCD and NLO EW accuracy, while the calculation of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\mathrm {t}\mathrm {H} $$\end{document}$ cross section is performed at NLO QCD and NLO EW accuracy. The updated theoretical predictions used for the various production and decay modes in this paper can be found in Refs. \[[@CR29]--[@CR52]\] and are summarized in Ref. \[[@CR53]\]. Examples of leading-order (LO) Feynman diagrams for these production processes can be seen in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}. In addition to the five main production processes, the contributions due to Higgs boson production in association with a single top quark ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\mathrm {H} \mathrm {q}$$\end{document}$), as shown in Fig. [4](#Fig4){ref-type="fig"}, are included in the analyses that have some sensitivity to them.Fig. 2Examples of leading-order Feynman diagrams for the $\documentclass[12pt]{minimal}
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For certain measurements in this paper, such as $\documentclass[12pt]{minimal}
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The ATLAS and CMS Collaborations have published combined measurements of Higgs boson production rates, decay rates, and couplings with the $\documentclass[12pt]{minimal}
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                \begin{document}$$8\,\text {Te}\text {V} $$\end{document}$ LHC Run 1 data \[[@CR54], [@CR55]\]. A combination of the Run 1 ATLAS and CMS analyses has also been performed \[[@CR56]\]. All results were found to be in agreement, within their uncertainties, with the predictions of the SM. In this paper, due to the larger integrated luminosity and increased signal cross section at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s} = 13\,\text {Te}\text {V} $$\end{document}$, the measured precision for several parameters of interest has significantly increased with respect to Ref. \[[@CR56]\]. In particular, the predicted cross sections for the dominant $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {g} \mathrm {g} \mathrm {H} $$\end{document}$ production mode and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {t}\mathrm {t}\mathrm {H} $$\end{document}$ production mode increase by factors of approximately 2.3 and 3.8, respectively, between $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s} = 8$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$13\,\text {Te}\text {V} $$\end{document}$. In addition, some of the theoretical predictions have improved, as mentioned earlier.

This paper is organized as follows: A brief description of the CMS detector is given in Sects. [2](#Sec2){ref-type="sec"},  [3](#Sec3){ref-type="sec"} provides a summary of the various analyses included in the combination, and Sect. [4](#Sec15){ref-type="sec"} describes the modifications made to these analyses to ensure a common signal and uncertainty model. Section [5](#Sec19){ref-type="sec"} outlines the statistical procedure used to derive the results, and Sect. [6](#Sec20){ref-type="sec"} outlines the treatment of the systematic uncertainties. Section [7](#Sec21){ref-type="sec"} reports the results of the signal parametrizations in terms of signal strength modifiers and fiducial cross sections, while Sect. [8](#Sec24){ref-type="sec"} describes the results obtained from an alternative set of signal parametrizations in terms of Higgs boson couplings. Section [9](#Sec31){ref-type="sec"} details interpretations in terms of various two Higgs doublet models. The paper is summarized in Sect. [10](#Sec32){ref-type="sec"}.

The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR57]\].

Analyses included in the combination {#Sec3}
====================================

In this section, the individual analyses included in the combination are briefly described. More detailed information on each analysis can be found in the corresponding references. Many of the analyses split their primary data sample in multiple event categories with specific signatures that enhance the discrimination power between different Higgs boson production processes. This is achieved through selections that require the presence of additional leptons or jets, as expected in the decay of a $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {Z}$$\end{document}$ boson decays to neutrinos. The event categories within and amongst the individual analyses are constructed to ensure a negligible level of overlap (i.e. the same event entering more than one category). In many cases, this is accomplished by synchronizing the object (e.g. electron, muon, tau, or jet) identification definitions and imposing strict requirements on the number of reconstructed objects. In other cases, the orthogonality is ensured by imposing opposing requirements on higher level observables formed using multiple objects. For rare cases where potential overlap is not explicitly removed, the lists of selected data events were checked and found to contain a negligible number of duplications. In total, up to 265 event categories are considered, and there are over 5500 nuisance parameters corresponding to various sources of experimental and theoretical systematic uncertainty. A summary of the production and decay modes, which are described in more detail in the following sections, is shown in Table [1](#Tab1){ref-type="table"}.Table 1Summary of the event categories in the analyses included in this combination. The first column indicates the decay channel and the second column indicates the production mechanism targeted by an analysis. The third column provides the total number of categories per production tag, excluding control regions. Notes on the expected fractions of different Higgs signal production and decay modes with respect to the total signal yield in the given category are given in the fourth column. Where the numbers do not sum to 100%, the remaining contributions are from other signal production and decay processes. Finally, where relevant, the fifth column specifies the approximate expected relative mass resolution for the SM Higgs bosonDecay tagsProduction tagsNumber of categoriesExpected signal fractionsMass resolution$\documentclass[12pt]{minimal}
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The dominant experimental uncertainties in this analysis are the uncertainties related to the extrapolation of the QCD multijet and top quark pair backgrounds from the CRs.
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In each event category, the background is estimated from a fit to the observed $\documentclass[12pt]{minimal}
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Modifications to the input analyses {#Sec15}
===================================

This section describes the changes in each analysis, as implemented for this combination, compared to their respective publications.

Gluon fusion modeling {#Sec16}
---------------------
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Theoretical uncertainties in gluon fusion {#Sec17}
-----------------------------------------
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Statistical uncertainties in simulation {#Sec18}
---------------------------------------

In the combination, many of the nuisance parameters originate from the use of a limited number of Monte Carlo events to determine SM signal and background expectations. Some of the input analyses have been modified to use the "Barlow-Beeston lite" approach, which assigns a single nuisance parameter per bin that scales the total bin yield \[[@CR86], [@CR87]\]. This differs from the previous implementation, which utilized separate nuisance parameters for each process per bin. With the Barlow-Beeston approach, the maximum likelihood estimator for each of these nuisance parameters is independent from the others, and can be solved for analytically. This has been found to provide a significant reduction in the minimization time, while reproducing the results obtained with the full treatment to within 1%.

Combination procedure {#Sec19}
=====================

The overall statistical methodology used in this combination is the same as the one developed by the ATLAS and CMS Collaborations, and described in Ref. \[[@CR56]\]. The procedures used in this paper are described in more detail in Refs. \[[@CR14], [@CR88], [@CR89]\] and are based on the standard LHC data modeling and handling toolkits [RooFit]{.smallcaps} \[[@CR90]\] and [RooStats]{.smallcaps} \[[@CR91]\].
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The likelihood functions are constructed with respect to either the observed data or an Asimov data set \[[@CR92]\] constructed using the expected values of the POIs for the SM, in order to obtain the observed or expected results, respectively. Because of fluctuations in the observed data the observed intervals may differ from the expected ones.

Finally, the SM predictions for the production and decay rates of the Higgs boson depend on the mass of the Higgs boson, $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec20}
========================

For many of the POIs, the systematic uncertainties in their determination are expected to be as large as, or larger than, the statistical uncertainties. The theoretical uncertainties affecting the signal are among the most important contributions to the systematic uncertainties. The uncertainties in the total cross section prediction for the signal processes arising from the parton distribution functions, the renormalization and factorization scales used in the calculations and the branching fraction predictions are correlated between all input analyses. Instead, theoretical uncertainties that affect kinematic distributions and cause migrations between event categories are largely uncorrelated between the input analyses. An exception is the set of theoretical uncertainties for the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {g} \mathrm {g} \mathrm {H} $$\end{document}$ production mode, where the correlation scheme described in Sect. [4.2](#Sec17){ref-type="sec"} is used to correlate both the normalization and shape uncertainties between input analyses. The theoretical uncertainties affecting the background predictions, including the parton distribution function uncertainties, are assumed to be uncorrelated with those affecting the signal predictions \[[@CR88]\], with the exception of the uncertainties from the underlying event and parton shower model.

The majority of the systematic uncertainties arising from experimental sources are uncorrelated between the input analyses, with a few exceptions. The uncertainties in the integrated luminosity measurement \[[@CR94]\], and in the modeling of additional collisions in the event (pileup), are correlated between all of the input input analyses. Certain analyses, namely the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {t}\mathrm {t}\mathrm {H} (\mathrm {b} \mathrm {b} )$$\end{document}$ analyses, are able to further constrain the jet energy scale uncertainties determined in auxiliary measurements. The jet energy scale uncertainty in these analyses is decomposed into several nuisance parameters corresponding to different sources of uncertainty (for example, different flavor composition and kinematic regions) that are correlated among these analyses but uncorrelated with the other analyses. An independent jet energy scale uncertainty is assumed to be correlated between the input analyses that are not sensitive to the different sources of uncertainty. The uncertainties in the $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {b} $$\end{document}$ tagging efficiency in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {H} \rightarrow \mathrm {W}\mathrm {W} $$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {H} \rightarrow \gamma \gamma $$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {H} \rightarrow \mathrm {Z}\mathrm {Z} $$\end{document}$ analyses. The uncertainty in the efficiency of the double-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {b} $$\end{document}$-tagger algorithm described in Sect. [3.6](#Sec9){ref-type="sec"} is taken to be uncorrelated from the single $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {b} $$\end{document}$ tagging uncertainties. Finally, the uncertainties in the lepton efficiency and misidentification rate in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {t}\mathrm {t}\mathrm {H} $$\end{document}$-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau _\mathrm {h} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {t}\mathrm {t}\mathrm {H} $$\end{document}$-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {e}/\mathrm {\mu }$$\end{document}$ event classes are correlated, since the same reconstruction and identification algorithms were used. In other input analyses, different algorithms were used and therefore the uncertainties are assumed to be uncorrelated.

The free parameters describing the shapes and normalizations of the background models, and parameters that allow for the choice of the background parametrization in each of the $\documentclass[12pt]{minimal}
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Signal strength and cross section fits {#Sec21}
======================================
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma _i\; (i=\mathrm {g} \mathrm {g} \mathrm {H} ,\,\mathrm {VBF},\,\mathrm {W}\mathrm {H} ,\,\mathrm {Z}\mathrm {H} ,\,\mathrm {t}\mathrm {t}\mathrm {H} )$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {B} ^f\; (f = \mathrm {Z}\mathrm {Z},\,\mathrm {W}\mathrm {W},\,\gamma \gamma ,\,\mathrm {\tau }\mathrm {\tau },\,\mathrm {b} \mathrm {b} ,\,\mathrm {\mu }\mathrm {\mu })$$\end{document}$ are, respectively, the production cross section for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$i\rightarrow \mathrm {H} $$\end{document}$ and the branching fraction for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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In this section, results are presented for several signal strength parametrizations starting with a single global signal strength $\documentclass[12pt]{minimal}
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The combined measurement of the common signal strength modifier at $\documentclass[12pt]{minimal}
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Relaxing the assumption of a common production mode scaling, but still assuming the relative SM branching fractions, leads to a parametrization with five production signal strength modifiers: $\documentclass[12pt]{minimal}
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Results are presented for a model based on the ratios of cross sections and branching fractions. These are given relative to a well-measured reference process, chosen to be $\documentclass[12pt]{minimal}
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Stage 0 simplified template cross sections {#Sec23}
------------------------------------------

Measurements of production cross sections, which are complementary to the signal strength parametrization, are made for seven processes defined according to the simplified template cross sections proposed in Ref. \[[@CR53]\]. The results given here are for the stage 0 fiducial regions defined by the rapidity of the Higgs boson $\documentclass[12pt]{minimal}
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The normalization scaling effects of each of the $\documentclass[12pt]{minimal}
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Generic model with effective loops and coupling modifier ratios {#Sec27}
---------------------------------------------------------------

An analogous parametrization to the ratios of cross sections and branching fractions described in the previous section can be derived in terms of ratios of the coupling modifiers ($\documentclass[12pt]{minimal}
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Fits of vector boson and fermion coupling modifiers {#Sec28}
---------------------------------------------------
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Benchmark models with resolved loops to test the symmetry of fermion couplings {#Sec29}
------------------------------------------------------------------------------

Several BSM models predict the existence of an extended Higgs sector. In such scenarios, the couplings to up-and down-type fermions, or to leptons and quarks, can be separately modified. In order to probe such models, parametrizations are introduced in which the couplings of the Higgs boson to fermions are scaled either by separate common modifiers for up-type ($\documentclass[12pt]{minimal}
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Figure [18](#Fig18){ref-type="fig"} shows the results of the fits where the ratio of the couplings to up- and down-type fermions $\documentclass[12pt]{minimal}
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Compatibility of measurements with the SM {#Sec30}
-----------------------------------------

Table [12](#Tab12){ref-type="table"} shows a summary of the compatibility of the different models considered, as described in Sects. [7](#Sec21){ref-type="sec"} and [8](#Sec24){ref-type="sec"}, with the SM predictions. For each model, the value of *q* at the values of the POIs for the SM expectation ($\documentclass[12pt]{minimal}
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Constraints on benchmark two Higgs doublet models {#Sec31}
=================================================

The generic models described in Sect. [8.5](#Sec29){ref-type="sec"} can also be interpreted in the context of explicit benchmark BSM models that contain a second Higgs doublet (2HDM) \[[@CR116]--[@CR118]\]. Only models with CP conservation and a discrete $\documentclass[12pt]{minimal}
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Figure [19](#Fig19){ref-type="fig"} shows the results of the fits for the different 2HDM benchmark scenarios. The lobe features that can be seen in the Types II, III, and IV constraints for $\documentclass[12pt]{minimal}
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The results for the hMSSM scenario are also shown in Fig. [19](#Fig19){ref-type="fig"}. The constraints observed are more stringent than those expected under the SM. This is due to the best fit value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda _{\mathrm {d} \mathrm {u}}$$\end{document}$ being smaller than 1, while in the hMSSM for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta >1$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\lambda _{\mathrm {d} \mathrm {u}}$$\end{document}$ is strictly greater than 1 and asymptotically approaches unity only at large $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm {A}}$$\end{document}$. Therefore the observed data disfavors small values of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm {A}}$$\end{document}$, leading to the stronger constraint.Fig. 19Constraints in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\cos ({\beta -\alpha })$$\end{document}$ vs. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta $$\end{document}$ plane for the Types I, II, III, and IV 2HDM, and constraints in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\mathrm {A} $$\end{document}$ vs. $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tan \beta $$\end{document}$ plane for the hMSSM. The white regions, bounded by the solid black lines, in each plane represent the regions of the parameter space that are allowed at the 95% $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text {CL}$$\end{document}$, given the data observed. The dashed lines indicate the boundaries of the allowed regions expected for the SM Higgs boson

The constraints in the 2HDM and hMSSM scenarios are complementary to those obtained from direct searches for additional Higgs bosons \[[@CR127]--[@CR131]\].

Summary {#Sec32}
=======

A set of combined measurements of Higgs boson production and decay rates has been presented, along with the consequential constraints placed on its couplings to standard model (SM) particles, and on the parameter spaces of several beyond the standard model (BSM) scenarios. The combination is based on analyses targeting the gluon fusion and vector boson fusion production modes, and associated production with a vector boson or a pair of top quarks. The analyses included in the combination target Higgs boson production in the $\documentclass[12pt]{minimal}
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Measurements of the Higgs boson production cross section times branching fractions are presented, along with a generic parametrization in terms of ratios of production cross sections and branching fractions, which makes no assumptions about the Higgs boson total width. The combined signal yield relative to the SM prediction has been measured as $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim $$\end{document}$50% is achieved compared to previous ATLAS and CMS measurements. Additionally, a set of fiducial Higgs boson cross sections, in the context of the simplified template cross section framework, is presented for the first time from a combination of six decay channels. Furthermore, interpretations are provided in the context of a leading-order coupling modifier framework, including variants for which effective couplings to the photon and gluon are introduced. All of the results presented are compatible with the SM prediction. The invisible (undetected) branching fraction of the Higgs boson is constrained to be less than 22 (38%) at 95% Confidence Level. The results are additionally interpreted in two BSM models, the minimal supersymmetric model and the generic two Higgs doublet model. The constraints placed on the parameter spaces of these models are complementary to those that can be obtained from direct searches for additional Higgs bosons.
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